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One of the antioxidant roles of melanin is binding redox-
active transition metal ions. The aim of this study was to 
examine the redox reactions accompanying iron bind-
ing by melanin. Two kinds of synthetic eumelanin were 
mixed with iron (II) and iron (III) in the presence and 
absence of citrate and ADP in the aerobic and anaero-
bic system. The iron binding was examined by electron 
paramagnetic resonance (EPR) spectroscopy and thio-
cyanate assay. Obtained results indicate that although 
melanin reduces iron (III) that is unbound to this poly-
mer, binding of iron (II) is accompanied by its oxidation 
by melanin.
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Abbreviations: ADP, adenosine 5’-diphosphate; DMa, synthetic 
eumelanin prepared by autooxidation of DOPA; DMt, synthetic 
eumelanin prepared by DOPA oxidation catalyzed by tyrosinase; 
DOPA,3,4-dihydroxyphenylalanine; EPR, electron paramagnetic 
resonance; P1/2, half-power (microwave power at which the first de-
rivative amplitude is reduced to half of its unsaturated value); PBS, 
phosphate buffered saline.
INTRODUCTION
Although melanin is well known as photoprotec-
tor (Meredith & Sarna, 2006; Brenner & Hearing, 2008; 
d’Ischia et al., 2015), its antioxidant action is also note-
worthy. One of the antioxidant roles of melanin is bind-
ing redox-active transition metal ions (Pilas et al., 1988), 
(Kaczara et al., 2012). On the other hand, melanin was 
shown to be prooxidant in the presence of strong chela-
tors such as EDTA or an excessive amount of iron (Ko-
rytowski et al., 1987; Pilas et al., 1988). Such prooxidant 
action was based on the reduction of iron (III) that was 
not bound to melanin. Iron is one of the most ubiq-
uitous metals in the body. Therefore, the elucidation of 
the mechanism of interaction of melanin with iron may 
be the key to better understand such pathologies as age-
related macular degeneration (ARMD), skin melanoma 
or Parkinson’s disease (PD), which were proposed to 
be based on oxidative stress of pigmented cells (Sarna, 
1992; Beatty et al., 2000; Sarna et al., 2003; Zecca et al., 
2003; Wood et al., 2006; Zecca et al., 2008; Noonan et 
al., 2012). The aim of this research was to examine the 
changes of the oxidation state of iron accompanying 
its binding to melanin. A water-soluble synthetic model 
of eumelanin prepared by DOPA autooxidation (DMa) 
and insoluble synthetic model of eumelanin prepared by 
enzymatic oxidation of DOPA (DMt) were mixed with 
salts of iron (II) and iron (III) or their complexes with 
citrate and ADP in the aerobic and anaerobic system.
MATERIAL AND METHODS
Reagents. All chemicals were reagent grade or better 
and used as supplied. Water was deionized by a millipore 
system (Millipore S A. 67120 Molsheim, France), citric 
acid solution and PBS prepared using this water were 
additionally treated with Chelex-100 to remove the traces 
of metal ions.
Preparation of synthetic eumelanins. Water-soluble 
model of eumelanin (DMa) was prepared by autooxi-
dation of DOPA (Felix et al., 1978) and purified by a 
modified method described previously (Szewczyk et al., 
2016). In brief, 25 g of D,L-β-dihydroxyphenylalanine 
(D,L-DOPA) was dissolved in 5 l of water and alkalized 
to pH 8 by 25% ammonia. The solution was stirred and 
air-bubbled for three days. Every several hours the pH 
was corrected to 8.0 by the addition of small amounts 
of ammonia. Then the solution was stirred without air-
bubbling for the next three days. After that, the solution 
was acidified to pH 2.5 with hydrochloric acid and cen-
trifuged at 4040 × g for 10 minutes. The obtained pre-
cipitate was washed 8 times with water acidified to pH 
2.5 and once with non-acidified water. The precipitate 
was suspended in about 0.5 l of water, placed in a di-
alysis bag (~ 12 000 u) and dialyzed for 12 days against 
5 l of water with four changes of the water. DMa was 
quantified by determination of its dry mass. This mela-
nin precipitated only in the acidic pH. At neutral pH it 
was soluble in water, the size of particles of DMa was 
determined to be about 20 nm (Zadlo et al., 2017) and 
melanin did not show any tendency to aggregate.
Insoluble model of eumelanin, prepared by enzymatic 
oxidation of DOPA (DMt), was prepared as follows: 
2 g of L-β-dihydroxyphenylalanine (L-DOPA) was dis-
solved in 995 ml of 0.1 M Na/K phosphate buffer (pH 
6.8). The solution was vigorously stirred for at least 10 
minutes. 223 000 units of tyrosinase were dissolved in 
5 ml of phosphate buffer and added to the solution of 
L-DOPA. The mixture was bubbled with air at 37°C 
for 24 h. Then the mixture was centrifuged for 0.5 h at 
13 000 × g at 4°C. The precipitate was suspended in 300 
ml of water and centrifuged under the same conditions. 
Such a washing procedure was carried out seven times. 
Finally, the precipitate was suspended in 38 ml of wa-
ter. DMt was quantified in the same way as DMa. This 
melanin was insoluble in water even at neutral pH and it 
sedimented even without centrifugation.
Preparation of iron and copper complexes with 
melanin. Iron complexes with melanin were prepared 
either using complexes with citrate and ADP or using 
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free salts. Some comparative experiments were carried 
out using copper (II) complexes with citrate. Iron (II) 
and copper (II) complexes with citrate were prepared by 
addition of 0.1 M citric acid to 0.025 M ferrous sulphate 
or cupric sulphate in 10–4 M H2SO4. Under such con-
ditions, citrate:metal molar ratio was 2:1. Then the pH 
was adjusted to 7 by drop-wise addition of 1 M NaOH. 
Finally, water was added, adjusting the metal ion concen-
tration to 10 mM. Iron (III) complexes were prepared 
in a similar manner except that 0.025 M ferric chloride 
was in 0.02 M hydrochloric acid. Iron complex with 
ADP was prepared similarly but ADP was acidified to 
pH 2 before the addition of iron salt and the molar ra-
tio ADP:Fe was 4:1. The final concentration of the iron 
complexes with ADP was 2 mM. The prepared citrate or 
ADP complexes were added to 4 mg/ml melanin solu-
tion adjusted to pH 7.4. The mixture was diluted with 
water to melanin concentration 2 mg/ml and metal ion 
concentration 0.358 mM i.e. 1% (w/w) in the case of 
iron and 1.14% (w/w) in the case of copper. After 0.5 h 
of incubation, the pH was readjusted to 7.4 and the mix-
ture was further incubated at room temperature in the 
dark. Iron complex with ADP was added only to DMt. 
In the case of the iron complex with ADP, melanin sam-
ples were washed three times after 0.5 hours of incuba-
tion. As a result, the data for supernatant from melanin 
with iron complex with ADP are limited to time 0.5 h 
(Fig. 3B). A control sample without iron was prepared in 
a similar manner except for the addition of citrate with-
out iron. Preparation of iron complex with melanin us-
ing iron (II) salt without citrate and ADP was done as 
described in (Zadlo et al., 2017). In brief, such amount 
of water and 0.025 M ferrous sulphate in 10-4 M H2SO4 
was added to 4 mg/ml melanin adjusted to pH 5 that 
the final melanin concentration was 2 mg/ml and iron 
concentration was 0.358 mM i.e. 1% (w/w). After 0.5 h 
of incubation, the pH was adjusted to 7.4 and treated 
similarly as during addition of iron complex with citrate 
or ADP. The control melanin was prepared similarly ex-
cept for the addition of ferrous sulphate. Complexes of 
iron (III) with melanin were prepared in the following 
manner: 0.025 M solution of ferric chloride in 0.02 M 
hydrochloric acid was added to the diluted solution of 
melanin acidified to pH 2. The pH of such samples was 
increased in three steps i.e. after adjustment to pH 4 and 
pH 6 the sample was incubated for at least two hours 
before the further increase of pH. Finally, the pH was 
increased to 7.4. There was additional control melanin 
for iron (III) treated analogously as melanin with iron 
(III) except for the addition of ferric chloride.
For the preparation of iron (II) solutions, 10–4 M 
H2SO4 or 0.1 M citrate were saturated with argon by 
bubbling for at least 0.5 hours. The results presented in 
Fig. 2B and Fig. 4 were obtained using argon-saturated 
melanin.
Photoreduction of iron (III) and copper (II). Pho-
toreduction of metal ions bound to melanin was carried 
out using the rose bengal/β-NADH system (Korytowski 
& Sarna, 1990) where, upon photoexcitation of the dye, 
two strongly reducing radicals (Rose Bengal– and NAD) 
are formed (Lambert et al., 1990). A mixture containing 
0.5 mM rose bengal, 2.5 mM β-NADH and 1 mg/ml 
DMa with and without 1% (w/w) iron (III) or Cu (II) 
in PBS was irradiated with 516–586 nm (50 mW/cm2) 
light originating from XBO 450 short-arc xenon lamp 
equipped with CuSO4 filter and Green additive dichroic 
filter 585FD62-25 (Andover Corporation, Salem, USA). 
Irradiation was carried out in a closed spectrofluorime-
tric cuvette. Before irradiation, the sample was saturated 
with argon for at least 0.5 h. The initial volume of the 
sample was 1 ml. During irradiation, the sample was 
gently stirred. Before irradiation and after 20 minutes 
of irradiation, 0.2 ml of the mixture was withdrawn for 
EPR spectroscopy examination.
Electron paramagnetic resonance (EPR) spectros-
copy. EPR spectroscopy was done using Bruker EMX-
AA EPR spectrometer (Bruker BioSpin, Rheinstetten, 
Germany). The efficiency of melanin-iron interaction 
was determined by measurements of the influence of 
iron on microwave power saturation of the EPR sig-
nal of melanin. Such measurements were carried out at 
room temperature using EPR flat cell (0.3 mm thickness 
and 8 mm width). Just before EPR measurements, the 
sample pH was adjusted to 7.4. Typical instrumental set-
tings were: modulation amplitude 0.305 mT; center field 
339.2 mT; scan range 5 mT; scan time 42 s and time 
constant 327.7 µs. Microwave power was selected in the 
range of 0.00839 to 211 mW. If signal:noise ratio was 
greater than 20, the amplitude of melanin EPR signal 
was determined digitally, otherwise, it was determined 
manually. The amplitude (Fig. 1A) was plotted against 
the square root of microwave power and half- power 
(P1/2) was determined from the fit of the equation:
f(x)=A·x·[1+(21/ε–1)·x2/P1/2]–ε 
(Altenbach et al., 1994) (Fig. 1B), where x is the square 
root of microwave power, f(x) is EPR signal ampli-
tude, A is the initial slope, ε is the homogeneity coeffi-
cient and P1/2 is the half-power i.e. microwave power, at 
which the first derivative amplitude (Fig. 1A) is reduced 
to the half of its unsaturated value.
The EPR signals of iron (III) and copper (II) bound 
to melanin were measured at 77 K. Iron measurements 
were carried out at modulation amplitude 0.805 mT; 
center field 158.49 mT; scan range 50–100 mT; scan 
time 42–84 s; time constant 327.7 µs and microwave 
power 5.29 mW. The final EPR spectra of iron were 
taken from averaging 5–10 scans. Copper was meas-
ured at modulation amplitude 0.805 mT; center field 300 
mT; scan range 100 mT; scan time 42 s; time constant 
327.7 µs and microwave power 5.29 mW. The final EPR 
spectra of copper were averages from 10 scans.
Figure 1. The effect of iron on EPR signal of 2 mg/ml DMt after 
24 h of incubation with iron complex with citrate.
(A) EPR spectra of melanin registered at microwave power 
1.06 mW for control melanin only with citrate (continuous line) 
or melanin with citrate complex of iron (II) (broken line) or iron 
(III) (dotted line). (B) melanin signal amplitude plotted against the 
square root of microwave power and fitted with the following 
function:  f(x)=A·x·[1+(21/ε–1)·x2/P1/2]–ε (Altenbach et al., 1994) as de-
scribed in the “Material and methods” section. Filled circles – con-
trol melanin without iron, filled diamonds – melanin with iron (II), 
open squares – melanin with iron (III).
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Determination of the unbound iron. 0.2 ml of 
the sample was centrifuged at 20,871×g for 5 minutes. 
0.18 ml of the supernatant was acidified by addition 
of 0.01 ml of 2 M HCl. After the addition of 0.01 ml 
of 0.1 M H2O2, the sample was heated at 100°C for 
15 minutes to oxidize iron. Iron (III) was determined by 
thiocyanate assay as previously described (Żądło, 2019). 
Determination of the unbound iron was limited only to 
DMt which is insoluble and can be centrifuged at pH 
7.4.
RESULTS AND DISCUSSION
 Iron strongly increased the value of P1/2 for both 
types of melanin (Figs. 2A, C and 3A). Such an effect of 
iron was fast in the case of free salt of iron (III) or iron 
(III) complex with ADP and in all melanin samples with 
iron (II). On the other hand, iron (III) complex with 
citrate caused a very slow increase of half-power (P1/2), 
especially in the case of DMt (Fig. 3A). The correspond-
ing kinetics very well correlated with the decrease of iron 
content in the supernatant from DMt (Fig. 3B). The re-
sults indicate that P1/2 is a good indicator of iron bind-
ing by melanin. Interestingly, the addition of iron (II) to 
DMa resulted in a strong, slightly asymmetric EPR sig-
nal at g=4.3 typical for iron (III) complex with melanin 
(Sarna et al., 1981). The signal was similar to that ob-
served when iron (III) was added to melanin (Fig 2D). 
This signal was almost independent of the presence of 
oxygen (Fig. 2B) The data suggest that the binding of 
iron (II) is accompanied by its rapid oxidation and that 
this process is independent of oxygen. Therefore, we 
checked the susceptibility of iron (III) bound to melanin 
to photosensitized reduction in rose bengal/β-NADH 
oxygen-free system, where two strongly reducing radi-
cals (Rose Bengal– and NAD) are formed (Lambert et 
al., 1990). For comparison, we used melanin-copper (II) 
complex in which copper (II) was previously shown to 
be reduced in such system (Korytowski & Sarna, 1990). 
In the dark, DMa with 1% (w/w) iron showed EPR 
signal typical for Fe(III)-melanin complex (Fig. 4A), 
while DMa with 1.14% (w/w) copper exhibited EPR 
signal typical for Cu(II)-melanin complex (Fig. 4B) with 
g||=2.27 (Froncisz et al., 1980). Although the irradiation 
of 1 mg/ml DMa with 1.14% (w/w) Cu in the presence 
of 0.5 mM rose bengal and 2.5 mM β-NADH caused al-
most complete disappearance of copper (II) EPR signal 
(Fig. 4B), the reducing radicals formed by the interaction 
of the excited triplet state of rose bengal with NADH 
had only a little effect on iron (III) EPR signal when 
iron was bound to melanin. In such samples, five times 
higher concentration of β-NADH was necessary for the 
photoreduction of iron (III) (Fig. 4A). It seems that 
photoreduction of iron (III) is possible only after the 
depletion of the redox capacity of melanin. It indicates 
that melanin is able to oxidize the bound iron (II). Al-
though in the previous studies it was demonstrated that 
melanin reduces iron (III) to iron (II) (Korytowski et 
al., 1987; Pilas et al., 1988), it is important to stress that 
the ability of melanin to reduce iron (III) was shown 
either in the presence of EDTA which prevented iron 
binding by melanin or at low concentration of melanin 
with part of the iron remaining unbound. However, in 
this study citrate and ADP were used. Iron (II) could 
Figure 2. The interaction of iron with DMa.
Time-dependent changes of half-power (A, C) in samples con-
taining 2 mg/ml DMa. Iron was added in complex with citrate (A) 
or as a free salt (C). Filled circles – control melanin without iron, 
open circles – control melanin without iron treated analogously 
as melanin with iron (III), filled diamonds – melanin with iron (II), 
open squares – melanin with iron (III). B, D – EPR signals of high-
spin iron (III) in samples with added iron (II) in anaerobic and aer-
obic conditions (B) or with added iron (II) and iron (III) in aerobic 
conditions (D).
Figure 3. The kinetics of iron binding by DMt.
Time-dependent changes of half-power (A) or iron concentration 
in the supernatant (B) in samples containing 2 mg/ml DMt. Iron 
was added in complex with citrate except for the sample marked 
by crosses. Filled circles – control melanin without iron, filled dia-
monds – melanin with iron (II), open squares – melanin with iron 
(III), crosses – melanin with iron (III) added in complex with ADP.
Figure 4. Photoreduction of iron (III) and copper (II) complexed 
with melanin.
EPR spectra of iron (III) (A) and copper (II) (B) bound to DMa in 
the dark and after 20 minutes of irradiation with 50 mW/cm2 
(516–586 nm) light. Samples were buffered in PBS and contained 
1 mg/ml DMa with 1% (w/w) iron (III) (A) or Cu (II) (B), 5 mM rose 
bengal and, except for the sample marked as “12.5 mM β-NADH”, 
2.5 mM β-NADH. The value of g|| for Cu (II) was determined from 
the second derivative of EPR signal acquired in the dark.
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be easily bound by melanin in the presence of citrate as 
shown in Figs. 2A and 3A. Importantly, reduced mela-
nin subunits (catechols) are more hydrophilic and thus 
more exposed to the external environment than oxidized 
forms (ortho-quinones), which are expected to be rather 
inside the polymer. Therefore, it can be postulated that 
melanin is able to reduce unbound iron (III) but iron 
(II) complexed with melanin is rapidly oxidized by this 
polymer. This conclusion is in accordance with the ob-
servable slow kinetics of iron (III) binding by melanin 
in the presence of citrate (Fig. 3A, B). Iron (III) forms 
a stronger complex with citrate than iron (II) and can-
not be bound by melanin but melanin reduces iron (III) 
complexed with citrate. Then, iron (II) is bound by me-
lanin and finally, melanin oxidizes iron (II). The reduc-
tion of iron (III) seems to be the slowest process that 
controls the rate of iron (III) binding by melanin in the 
presence of citrate.
In conclusion, although melanin acts as an electron 
donor for iron (III) that is not bound to this polymer, 
the dominant form of iron complexed with melanin is 
iron (III). This phenomenon can be explained by the 
fact that the reduced melanin subunits (catechols) are 
more hydrophilic and thus more exposed to the exter-
nal environment than the oxidized forms of the mela-
nin subunits (ortho-quinones), which are expected to 
be rather hidden inside the polymer. Binding of iron 
(III) by melanin can be essential for antioxidant ac-
tion of melanin because such iron cannot participate in 
Fenton reaction. On the other hand, oxidative modifi-
cation of melanin, induced by light or hydrogen perox-
ide may increase the one-electron reduction potential 
of the iron (III) bound to melanin and expose the iron 
ions to physiological reductants, such as ascorbate and 
glutathione. We postulate that under such conditions, 
iron (III) bound to oxidatively modified melanin could 
be relatively easily reduced and participate in the further 
degradation of melanin.
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